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Introduction into the properties of polycrystalline metal whiskers, also 
knovn and produced as so-called "Sohladitz-whisker ." 

The metal whiskers whose development and application are the subject 
of this research report do not have the great scarcity value of monocrystalline 
whiskers which are also called hair or capillary crystals. Oxide whiskers 
and carbide whislcsrs cost thousands of DM (German marks) per kilogram, 
metal whiskers are completely out of reach. 

The polycrystalline whiskers, especially iron whiskers, are relatively 
inexpensive high-strength hair-like metallic products and, of all whisker 
types, can be produced most cheaply and can be produced in a great number of 
modifications with regard to composition and properties. Their price is 
50 DM per kilogram} this price could even be reduced because the end product, 
an iron compound, can be produced cheaply. They surely do not represent 
the final development of whiskers, but they make possible, in the near 
future, the utilization of numerous experiences and ideas which have resulted 
from the laborious and expensive vrhisker research, especially also research 
on monocrystalline vrhiskers. 

The designation "whisker" at first vras somewhat of a misnomer, for it 
was originally intended to characterize their particular hair-like shape, 
but the name whisker remained as a designation for monocrystalline hair- 
shaped products made from various materials and often having considerable 
specific strength. 

The polycrystalline metal whiskers, the same as the monocrystalline 
ones, are the result of an accidental discovery which also was pursued 
with great interest. They are, as far as we can determine, a purely German 
development and only in recent times have they experienced strong interest 
in foreign countries, especially the USA; this is especially true because /7 
of their very promising industrial application potential which is assigned 
an especially large space in the subject research report. 

The polyci’ystalline metal whiskers are presently represented primarily 
by carbon-containing iron whiskers which are produced from iron-pentacarbonyl . 


They are generated from originally extremely thin colloidal filament structures 
whioh| throu^ further metal depoeltioa^ ai’e quickly strengthened and thus 

O 

grow from fibers of several A in diameter to diameters in the micron range. 

In contrast to the monocrystalline iron whiskers the polycrystalline iron 

whiskers are made up of millions of extremely fine crystallites ranging in 

o 

size from 70 to 90 A. This build-up from submicroscopically small crystallites 
is partially the reason for the very high strength which, at times, was 
determined to be higher than 800 kp/mm*^, and not just as a single value. 

An additional contrast to the monoorystalline vfhiskers can be found in their 
unusually high number of mixtures (1.5 x 10 ). The largest number of the 

iron whiskers produced today in testi quantities has strength values which 
are still far greater than those of carbon steels of the same composition. 

As an aid in producing polycrystalline metal whiskers a strong magnetic 
field is used at the present time which keeps the very thin primary filaments 
in an erect position and protects them from destruction by gas molecules 
(see installation). Iron or nickel filaments of initial diameters of several 
hundred Angstrom can, by deposition of various metals in the gas phase, grow to 
diameters in the micron range so that, in this way, metal filaments of various 
compositions and also variable structure can be generated. Thus molybdenum, 
tungsten, and chromium filaments can be made from fine iron cores and nickel 
filaments with concentrically arranged layers of oxides, carbides can be made 
from alloys and similar combinations. 

The production of polycrystalline metal whiskers is relatively simple, 
and as already mentioned, inexpensive; its cost depends primarily on that of 
the metal combination. The production of 1 - 2 kg of whiskers per day nas been 
carried out experimentally for years; in the near future production quantities 
of 50 kg of whiskers per day are envisioned as a basis of later production 
rates of tons per month. 

Since the discovery of polyorystalline metal whiskers in 1935 our goal was 
to make them available for general industrial applications. The present report, 
among others, is intended to demonstrate the profitable application of whisker 
networks to actual problems such as environmental protection as well as point 
out savings in fuel as a first step in its valuable industrial application; 


this could suggest new methods in fuel utilization, not only in Germany, hut 
in the rest of the world. 
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Figure 1 

Program Section 1 /9 

Ontimal bonding of polyorystalline whisker to an optimal choice matrix to 
be reinforced 


An obvious assumption for the bonding of a high-strength fiber to a matrix 
is the "purity" of the surface. In the case of polycrystalline metal whiskers 
this surface cleanliness is not always encountered since such whiskers, as used 
to be the case for raonocrystalline iron whiskers, do not grow slowly in a 
hydrogen atmosphere, but develop at a very high rate of grovrth from a vaporized 
metallic compound with a complicated decomposition mechanism. 

The polycrystalline iron vrhiskers which we investigated, generally have 
purposely generated thin oxide layer which protects them from the effects of 
the pyrophoric properties of these very fine specimens. In addition, surface 
impurities consisting of traces of adsorbed iron penta-carbonyl are present 


which, subsequently, can decompose without leaving loose iron oxide behind. 

To remove the oxide from the iron whisker we have experimented with all 
the methods suggested in the literature without great success. The only 
practical method that remained was to reduce the whisker oxide layer in hydrogen 
which, however, for working temperatures above 300°C resulted in a reduction 
of fiber strength. An anodic etching of the whisker also appeared to be promising, 
but could only be carried out by us in small quantities. 

Just as in galvanic precipitation of metals unto whiskers we carried out 
the anodic etching in a centrifuge developed for that purpose which v;as shaped so 
that the whiskers completely cover the leading centrifuge wall only during 
rotation vfhile the opposite electrode contacts the developing ring of electrolyte 
in the centrifuge. 

The centrifuge chamber, driven by a repulsion motor, is braked periodically 
whereby the whiskers drop to the centrifuge bottom and then, as rotation of /lO 

the centrifuge is resumed, they will be freshly deposited on the wall. 

It is this method of centrifuging, as already mentioned, vfhich makes 
possible the galvanic precipitation of other metals unto iron whiskers such as 
nickel, copper, chromium and similar ones. 

Since the oxide layer forms a very strong bond i-rith the vrhisker, iron 
whiskers with such an oxide layer can be covered, in the gas phase, with nickel. 

Of course, the use of this method has to be restricted to special cases. 

As already stated, polyorystalline metal whiskers grow through increases 
in the cross section of very fine primary filaments as the result of fast 
metal deposition. If hi^ metal deposition rates are employed, one can achieve 
that the surface of the 7fhisker, vfhich is already quite coarse, becomes even 
rougher. This also is a method for increasing the bonding strength of whisker 
to matrix by increasing the contact area. Here it must be explained that the 
wartlike growths on the whisker surface do not represent a coarsening of the 
crystallites, but an accumulation of very fine crystallites vdiich comprise 
the main material of the polycrystalline whiskers . 


To bond the polycrystalline metal whisker to a matrix the procedure 
described in the following is also sensible and useful. It concerns the production 
of more or less porous whisker skeletons from a network-like metallic combination 
of metal whiskers. Such a network which can be made with reproducible pore 
volume, can be subjected to further treatment much more easily than loose vrhiskera. 

As an example, by flooding such a whisker network of iron whiskers with a /ll 

thermally decomposable metal compound all heated whiskers can be covered eq,ually 
with metallic deposits vrbioh, as described above, is rather awkward for loose 
whiskers. Such a whisker skeleton, prepared on its inner surface, can be 
filled rather easily by infiltration with a resin matrix and even vrith a 
metallic matrix; in this way the initial shape of the whisker skeleton can be 
used to produce a desired shape of the ultimate composite body. As an example, 
this composite body can be in the shape of a plate. 

It should be mentioned that, because of the simple magnetic orientation 
of magnetic polycrystalline whiskers, skeletons of varying porosity can be 
produced from parallel-oriented whiskers. We use such skeletons in order to 
infiltrate, immediately after the reduction of idaisker oxide layers, magnesium 
into the skeleton; the magnesium thus also penetrates whisker interspaces in 
the micron range. 

In order to achieve, at least, a uniform distribution of whiskers in a 
resin matrix, one can attach them also by means of an organic or inorganic 
adhesive in the form of a network. The adhesives which must be diluted are to 
be chosen so as to provide, at the same time, a sort of adhesion promoter for 
the resin. There are a number of adhesives which have been proven to give good 
adhesion to metals such as, cyano-acrylate, anaerobic adhesives vrith hardeners, . 
epoxy resins and declared metal adhesives . 

The vrhisker networks, insofar as they have been produced by sintering, 
suffer a considerable decrease in hardness when carbon-containing non-alloyed or 
non-dispersion-hardened whiskers are used. 

The hardness and, although we cannot yet test it, the strength are agcdn /l2 
increased by boron treatment. A typical cross-section of a boron-treated vfhisker 
is shovm in figure 2. 
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Figure 2 

The whisker purposely has a soft core, hut its surface hardness 

2 

increases appreciably hy the boron treatment, up to l600 kp/mm and above. 

Iron boride layers have hardnesses of up to 2100 kp/mm . Since the 
iron boride layers are produced on the vrhiskers at temperatures between 
900 - 1000*^ C, the whiskers can later on be used in the matrix up to those 
temperatures Vfithout losing their hardness* The method for effective boron 
treatment of loose whiskers and those attached to the skeleton as well as 
the suitability of the boron surface for combining it with different matrices 
has not yet been finalized. 

PrOiayam section 2 /l3 

Improvement and adaptation of the whisker production process to the demands for 
fiber reinforcement of a matrix 


The first type of a whisker machine according to Schladitz which prod^ices 
polycrystalline iron whisksrs in kilogram quantities by decomposition of iron 
pentacarbonyl produces them inside of a given reaction volume of varying 
dimensions. As has already been mentioned at the beginning of this report, 
the shorter the periods in which the whiskers are produced and then ejected 
from the reaction volume in quantities of several million whiskers, the more 
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uniform in diameter the whiskers iri.ll be. The lengths of the polyoryatalline 
metal whiskers of about 1 ~ 3 mm has not been changed so far. The production 
of long polycrystalline metal whiskers in a reaction volxime is also possible 
although the yield per unit time is reduced thereby and the undisturbed j^roduc- 
tion of the whiskers generates problems. 

The discontinuous generation of polycrystalline motal whiskers should be 
complemented by a continuous production of larger amounts. 

To produce metal whiskers continuously several different constructions 
were utilized. It was finally found to be very advantageous to allow the metal 
whiskers to grow on a moving belt from which they were continuously stripped 
outside of the reaction chamber. In order to implement this production 
technique, a number of side problems had to be solved and the mechanism of the 
individual phases of whisker production had to be again investigated in test 
setups. 

These individual phasos are essentially the folloiring; /14 

1) The decomposition of the mefcallio compound in the free S|)ace vrith the 
production of seed filaments. 

2 ) Continued growth of the so-called primary filaments to form cores for 
subsequent vrhisker production. 

3) Strengthening of the primary filaments by continued deposition of metal. 

The improved production methods, with consideration of the just mentioned 
basic phases of whisker production, were designed to achieve the following 
advantages that could be expected; 

1) Potential for producing whiskers of approximately equal length. 

2) A large L/b ratio should optimally prevail. 

3) Achievement of an ideal fiber shape vrhich cannot easily be affected by 
disturbances such as during separation in the crowded reaction chamber 
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of thQ discontinuouB machine. 


4) Simplified operating conditions for the production of alloyed? reap. 

dispersion-hardened whiskers. 

5) Favorable method for mass production of polyorystalline metal >rtiiokers. 

These efforts were rewarded through the construction of a continuous 
v^hisker machine for the mass production of metal whiskers from iron, especially 
for the technical realisation of a whisker heat exchanger as shown in program 
section 5* 

In the mean time it was necessary, for all research efforts of this 
report which req.uired the whisker dimensions to be defined, to classify still 
better the whiskers produced frra raw materials in the discontinuous production 
method according to DHP / 224 934 (German patent). 

Althou^ the separation of whiskers into different sizes by screening /l5 
of the originally hard products by means of sieve sizes 3 to O.O63 did produce 
fractions of varying sizes, this orude method unnecessarily broke up many 
brittle whiskers and prodixoed unusable pieces of short length. 

The air separation which we employed used a tangential stream of COg 
in a glass container to stir up fine whisker particles which then vrere removed, 
by gas stream (C^Og) into a tube with upward slope and finally, through a hose 
vrith a 180° bend, fell into a collection chamber with a glass frit bottom. 

The glass container with tangential gas inlet was kept in constant centrifugal 
motion with a frequency of 50 Hz. 

The thus occurring separation of the whiskers was gentle and generally 
effective for the separation of coarse fractions, but could only handle small 
amounts in a time-consuming manner. Whiskers in the micron range could not be 
separated clearly. Kone of the modifications in the air separation method, 
such as we were able to make vrith other methods, produced a decisive improvement 
in the separation of the finest vrhisker fractions. 

A much more accurate classification vras achieved vrith a dispersion method 
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vrhioh utilized the magn'istio properties of the whiskers 


The orijjLnal vrhiskers from the whisker machine are put into an ultrasonic 
bath and are dispersed in inert liquids of varying viscosity. The liquid 
containing the dispersed vrhiskers is withdravm from the surface of the bath by 
means of a hose pump vrhere a magnetic separation device is installed in the hose 
leading to the pump which, for all practical purposes, quickly catches all 
dispersed whiskers. The liquid thus freed of whiskers is returned to the 
ultrasonic bath. 

Depending on the intensity of the ultrasonic motion in the bath, or /l6 

resp, the viscosity of the dispersion liquids, the moat diverse fractions of 
whiskers are obtained in this manner, especially very fine fractions in the 
micron diameter range and far belovf. The smallest moving particles have a 
diameter of about 0.3 micron. 

Because of the restrictions ordei’ed by the Ministry concerning research 
efforts with respect to imbedding polyorystalline vrhiskers into a matrix, 
whisker production vras directed more toward the demands of program section 5> 
in this connection the production of iron vrhiskers in the vrhiskor machine vras 
carried out which promoted the formation of parallel bundles of vrhiskers vrhioh 
had grovm together. This vras necessary in order to obtain small rods vrith large 
internal surface for fuel vaporizers. 

hater on, however, a better vray having greater efficiency vras found: 

Whiskers having diameters that are not too large (l - 20 micron diameter) 
are arranged magnetically in rovrs of equal length and in this condition are 
pushed together to form irhisker bundles of varying thickness . By subsequent 
gentle provisional oxidation the whiskers fuse together in the rovrs and also 
with whiskers in the neighboring rovrs resulting in a relatively stable skeleton of 
oriented whiskers. By subsequent reduction of the oxide and sintering the 
whiskers fuse together metallically vrlth the formation of a mechanically 
resistant skeleton vrhioh, for example, has a diameter of 1 -• 10 ram and a height 
of 0.5 - 25 mm. This porous vrhisker material is produced from short vrhiskers 
vrhioh are no longer useful for other purposes? hovrever, in this condition, it 
has many interesting industrial uses, such as catalysts for the combustion of smoke 


for imbedding into resins for the jjroduotion of heat-resistant pressure-proof /l? 
materials for tools, for the vaporization of gasoline in the carburetor of automotive 
engines, for regenerator materials, and for collector and battery electrodes etc. 


Prog3.*am section 3 

P reparaMon for mas s production of _ijnproved or modified w hisker types f or matrix 
reinforcement 


The effort of this program section vras concerned with the development of 
new types of machines for mass production of polycrystallino metal vrhiskers. 

The reason for this new development effort was the fact that it seemed 
more economical to develop a new, more efficient machine than to modify the 
original one for greater output of whiskers. 

Our first whisker machine with an output of 1 - 1.5 kg of whiskers par 
day Was probably the first whisker machine ever 7rhich provided the production 
of such relatively large amounts of whiskers. The development of this machine, 
which was preceded by a very long development phase, vras also supported hy the 
Federal Ministry and was intended to study whiskers as to their properties and 
to their application for the production of corapaot metals. Poi'' this earlier 
research the discontinuous production of whiskers in a reaction chamber v;as 
' sufficient. Similarly the appearance of whiskers of varying dimensions was not 
particularly disturbing when used for the production of eorapaot materials. 

It was also possible to show that poly crystalline iron w’-hiskers could be /l8 

produced without disturbances and with low costs as long as the conditions 
for grovrth in the machine were properly controlled. Two machines of this 
type for the production of test quantities of polycryotalline iron whiskers 
have been in continuous operation for several yeax’s. 

For the research tasks described in this report it became soon evident 
that wniskers made by the discontinuous machine had to be classified and that 
it was especially important to produce possibly long and thin whiskers. 

The appropriate separation techniq.ues have been previously reported. 
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In order to apply the results of our research and development efforts 
for industry as soon as possible, it i^ras neoessa-’y to prepare for production of 
vfhiskers in ton quantities and with uniform dimensions and properties. Although 
the discontinuously-operating original machine could be basically duplicated 
and although fine-dimension whiskers in the micron range could be produced 
by short-duration (several minutes) growth in the reaction chamber, the 
duplication of this machine for industrial production of whiskers would be too 
costly. Therefore we searched for vrays to modify the production technique of 
whiskers and to make it continuous. For this purpose our previous extensive 
experience offered a number of good possibilities which we examined systema- 
tically as to their practicability. 

A r.aries of arrangements were created on a laboratory scale in order to 
study the individual processes. ]-ie came to the conclusion that, with a view 
toward futuv'e development, it would be moat sensible to let whiskers grow on 
moving belts vfhioh receive the whiskers in a reaction chamber, then pass through 
a zone for quick metal deposition, and them transport them to a collection 
chamber where they are stripped from the carrier. 

The following realizations can be gained for such a process: / 19 

1) Polycrystalline metal whiskers can grow parallel to each other on a 
substrate. 

2) The polycry&- talline metal vrhiskers groTO adjacent to each other on the 
substrate can bo moved so close to each other that they form a dense 
satin-like covering of the carrier which thus constitutes a high 
concentration per unit area of vrhiskers. 

3) The very fine primary whiskers can be first maintained stable and parallel 
to each other by magnetic forces so that they do not tangle and they can 
then be heated on their surface to varying degrees for the purpose of 
continuous further separation of metal. 

The primary, very fine vrhiskers vfith a diameter of about 0.01 to 0.1 
micron are grown in a miniature filament formation process in a small seed 


chamber which then deposits the thus produced fine primary filaments on the 
moving band. The primary filaments can either be positioned upright on the carrier 
or lie loosely I fixed by magnetic forces. Their weight per unit ai'ea is I/3OOO 
to 1/10,000 of the weight of the ultimate whisker reinforced by metal deposition. 
One of the possibilities to utilize the heat of decomposition for the metallising 
process (deposition of metal by thermal deoomposition) is to heat the moving 
belt directly by resistance heating. 


Our plan was to build the new whisker machine in such a way that, as a 
test device, it could produce 5 kg per day and that it could be extended for a 
production of 50 kg per day. This potential for Increasing production comes 
about because an individual channel is provided for the production of 5 kg per 
dayj this channel is several meters long, but only I5 cm wide. Ten such channels 
can be assembled in a production unit which has common electronic controls which 
regulate the temperature and other important parameters. 


The following figure 3 shows the pilot machine for the production of 
5 kg per day which, hovrever, is only 3 m long instead of 7 m because we did ^ 
have enou^ room to assemble the complete machine. The control section with 
many units for monitoring was built to study the control possibilities of the 
machine and is thus somewhat oversized and will be simplified in a practical 
application, 

Figure 3 


/20 



By modifying the seed chamber used for producing primary filaments, /21 

the raaf^netio field and the primary filament heating used for metallizing, it 
is possible to vary the types of whiskers that result. The present setup is 
aimed at producing, at first, only sufficiently large amounts of relatively 
short whiskers 1-2 mm long for industrial px’oduotion of whisker heat exchangers 
in order to be able to utilize their valuable properties as soon as possible. 

The production of uniformly long whiskers about 5 10 nrnj in length and with a 

high l/d ratio should also be possible with this machine, as well as with other 
machines coming out of our development program. 


Program section 4 


Working methods for producti on of flber-r einforoed mater ials using polyorysta lline 
whiskers 


To produce a fiber-reinforced matrix one can introduce whiskers into a 
resin. With this method it is difficult to attain a high volume oonoontration 
of whiskers and the high-strength, but brittle whiskers will partially break 
up into smaller pieces. Por very fluid resins it is more advantageous to 
impregnate felts or whisker networks which are bound to each other metallically. 

Another method often used for other fibei’s to obtain felts is the filtration 
of fiber dispersions. For the filtration whiskers of possibly uniform dimensions 
were dispersed in a liquid such as methyl alcohol and, under constant stii'i'ing 
of the specifically heavy whiskers, were filtered through a filter plate 
vibrating at a rate of 50 Hz. Of course, it is also possible to produce a /22 

dispersion of very fine whiskers in a liquid of higher viscosity, such as 
paraffin oil, and to filter it without continuous stirring. The filter cake, 
after thorough washing, can bo removed as a whole from the filter, dried, and 
then used for further processing. 

Filtration alone does not produce a dense whisker material Emd thud, for 
matrix reinforcement, has too great a porous volume. To later compress the 
filter cake composed of originally hard and brittle whiskers is not advisable 
because of the danger that longer whiskers might break. 


A more favorable method used by us for whisker depositions in the form 
of felts or mattes starting vrith oriented whiskers is centrifuging. 

The whiskers are first hurled in a de-magnetised state against the 
centrifuge wall made of non-ntagnetio material vfhere they are, just as in filtration, 
packed densely together. If centrifuging of the whiskers from the dispersions 
takes place in .a. homogeneous magnetic field parallel to the axis of the centrifuge, 
then the magnetic whiskers will he oriented parallel to each other, in the same direc- 
tion as the magnetic field. On the other hand, a magnetic field which is tangential 
to the circumference of the centrifuge, vrill produce orientation of the whiskers 
parallel to the circumference. 

After removal of the dispersion liquids the whiskers, still in the centri- 
fuge, can be cemented to each other by metal .deposition, preferably by 
deposition of the metal from the gas phase. Here nickel is to be preferred. 

The thus resulting whisker skeletons can also, still in the centrifuge, 
be impregnated with a resin and depending on requirements can be hardened 
more or less completely. 

After the centrifuge has come to rest the centrifuge container can /23 
be disassembled so that one can cut avray and stretch out the whisker-filled 
resin covering the vrall. 

In this way, with nixmerous procedure variations, whisker-reinforced 
plates of various resin matrices or only plates of whisker skeletons can be 
produced simply for subsequent impregnation. 

Industrial firms were primarily interested in the questions vrhether 
extrusion of whisker-containing thermoplastics is possible and whether the 
extrusion apparatus would be appreciably damaged thereby. To be very direct: 
the latter has not yet been determined. 

Preliminary experiments for impregnating whiskers in thermoplastics 
through hot-pressing or resp. for extrusion were first conducted by us. 

Here we employed a method used by us in the production of compact materials from 
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whiskers for making experimental rods where we filled thin hrass or steel 
tubes with a mixture of whiskers and thermoplastic granulated material, closed 
off the ends, and after sufficient heating under high pressure, quickly 
flattened them out. After removal of the deformed tubes, flat bars of whisker- 
reinforced thermoplastic were obtained. 

These experiments achieved that, for higher pressures, the thermoplastic 
transfused completely through the whiskers and penetrated even into the 
smallest spaces of the whisker netvrork in the range of several microns. 

The actual industrial extrusions were conducted expertly by the firm 
of Gebruedor Buehler, Uzml/Switzerland, since they had available small 
extrusion presses and they were able to give us all kinds of help including 
testing of the material. 

These tests which had to be conducted at the convenience of the Buehler Co, /24 
produced some encouraging results although they have not yet been concluded. 

They are being continued with improved whiskers and with continuing study of 
the bonding of whiskers to the thermoplastic matrices. Even the method used 
for introducing the mixture of thermoplastic granular material and whiskers 
can be improved. The extrusion tests were more time-consuming than expected 
because the tests set up in advance for the investigation of the most discrim- 
inating influence parameters were too few in nvunber. In order to further 
pursue the very promising path of extrusion one must attempt to make the 
research program more extensive. 

As an example, the usual methods for attaching thermoplastics to metals 
are not necessarily good for whiskers. Attempts to bond whiskers to Polyamid 12 
using the industrially proven adhesives for iron or steel, conducted by the 
firm of Emser-Werke (producer) themselves, gave no convincing results. 

On the other hand it was possible to attain the following property 
improvements vrith a new and valuable thermopDastic "Eyton" (polyphenylene sulfide) 
which could also accommodate well fillers of iron oxide: 

Increase in bending strength 855^ 

increase in tensile strength 215^ 

increase of B modulus 3l8^ 


The whisker content was 20 volume percent just as in all other tests. 

While there was a tendency to judge the worth of a whisker-filled / 

composite primarily by the Increase in tensile strength, surprisingly there 
Was considerable interest in the increase in compressive strength of heat- 
resistant resins by the use of whiskers. The reason is that, for some time 
now, industry has felt the need for inexpensive tools which are suitable to 
stamp out plastics or sheet metal in not too large production quantities. 

Such an example is a press for a chassis which cannot necessarily be produced 
in mass production so that the presses for tooling become an enormous 
investment. In contrast, the relatively inexpensive bonding material made of 
whisker-reinforced resin provides considerable savings. 

Such tools are basically not new, but the remarkable advantage of metal 
whisker reinforcement lies, among others, in the sufficiently high mechanical 
strengthening, along with extensive heat removal by the heat conducting whiskers 
which, for heat removal, can be installed magnetically in an advantageous 
direction. 

The resins used were heat-resistant epoxy resins or lately polyimid 
resins. Polyimid resins having very favorable work properties have been 
developed for the just described application and far beyond by Teohnochemie 
Heidelberg. These resins are very fluid and allow a high degree of filling 
the whisker composites, especially in those cases when the often-mentioned 
whisker skeletons are to be used for impregnation. Such bonding bodies made 
of polyimid resins and polycrystalline metal whiskers have a long-time heat 
resistance of at least 250°C. 

In addition to all other interesting applications of fiber-reinforced 
matrices which, in the future, can result from the preliminary efforts, the 
use of whiskers for the production of pressure-proof composites for punch press 
applications could presumably require a great amount of whiskers. As described, 
the whiskers are an aid in reducing the high required investments; this 
emphasizes the need to strive for a cheaper mass production of whiskers such 
as has already been considered for whisker heat exchanger applications. 


To a limited degree we also conducted tests to impregnate iron whisker 
skeletons with pure magnesium since this seemed to be one of the possibilities 
to strengthen magnesiiun effectively and, above all, to increase its thermal 
stability. 

Impregnation of whisker skeletons was not possible with untreated 
oxidized whisker surfaces, but for a freshly reduced whisker surface the 
magnesium,,, under vacutim, penetrated the whisker network and filled even the 
smallest interspaces in the micron range excellently. 

Although there vras great interest, this process could not be carried 
on as large a scale as hoped by a light-metal company because of the 
supposed danger of the impregnation procedure. Therefore, test bars could 
not yet be produced; however, we expect to continue the work on the present 
basis and, when the time is ripe, to put in operation an impregnating 
installation at the Buehler company. 


Program section 5 

Procedure for production of s pecial materials from whiskers as a so luti on of 
real scientific-technical problems 

As far as we can see today, one of the most pressing important 
applications of polycrystalline metal whiskers is their use in the form of 
skeletons or networks . Such vrhiaker skeletons are produced vary simply by 
pouring the rod-shaped material loosely imto a surface or, after pouring 
out subsequently compressing them and finally joining the whiskers to each 
other at the points where they touch. 

In rare cases this will take the form of cementing with resins or /27 
the like; in most cases, hovrever, it will be a case of the whiskers growing 
together metallically. For this purpose the whiskers are sintered to each 
other or are combined with each other by metallic deposition at the points 
of contact. 


Because of their low cost we primarily used unalloyed iron whiskers for 
our tests and developments. 

The sinter process produces a whisker skeleton where the unalloyed 
individual whiskers suffer, more or less, from a reduction in strength and 
hardness, but experience an increase in ductility, 

t> 

Because the cores of iron whiskers are extremely small (80 to 90 A), 
there is a lot of room for core growth as long as this is not suppressed 
by well-known measures (e.g., foreign substance dispersion). Whiskers in 
the micron sise range can be readily sintered at temperatures as low as 
600°C, For producing sintered skeletons from whiskers all methods and aids 
from powder metallurgy can be used with advantage such as moistening the 
whiskers before compression to improve their ability to slide. 

Impregnation of the whisker skeletons to be sintered with liq.uids, 
such as alcohols, aids in bringing the whiskers closer to each other because 
of the effect of capillary forces. The same effect is achieved by premagnetization 
of iron whiskers which, because of magnetic attraction, produces close 
networks . 

Sintering of netvrorks from whiskers generally occurs between 800 - 1100°C 
for iron whiskers and TOO - 900° C for nickel whiskers. 

A fast sintering of whisker skeletons can be carried out in a high- 
frequency induction field (we used 1 M Hz) since this heats such a network not 
only externally, but the heat penetrates deeply. Sintering is done in a 
vacutun or in a Hg or Hg atmosphere, for certain applications also vrith air 
supply whereby the whiskers are joined to each other with a thick oxide layer. 

The combining of polycrystalline vrhiskers to a network, starting with /28 
a loosely or a more or less densely poured material, is carried with great 
advantage by chemical metallic precipitation from the gas phase. The most 
striking advantage of this method can be found, above all, in the fact that 
polyorystalline iron whiskers whose strength is not reduced imtil temperatures 
of 300 to 400° C are reached, can be joined to each other mechanically far below 
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this temperature by raotallic precipitation vri.thout loss in strength. The metallic 
precipitation results in a certain thickening of the irhiskers where, at the 
points of contact, whiskers are joined to each other in a way which can otherwise 
only be done by prolonged volume sintering. This skeleton formation through 
metallizing thus represents a direct transition of loose whiskers into a network 
without adversely affecting the original strength of the polycrystalline 
metal whiskers. 

For the production of networks through metallic cementation the same type 
of metallic combination is generally used as that which produced the original 
v^hisker, namely a metal carbonyl. To decoraiose this metal carbonyl at temporatiares 
between I 40 and 250 °C the whiskers must be heated discontinuously or continuously 
while the vapor of the metal compound flows through the network. The whisker 
network is heated by flooding it with an inert hot gas, for thin layers by 
conduction; it can also be done by induction heating or resp. by direct resistance 
heating. Induction heating and resistance heating have the advantage that the 
heat of decomposition of the metal compound can be readily proportioned. 


^^l^o£tion £f_J^hi£k£r_ne^tworks /29 

Before discussing the technical applications of whisker skeletons which 
we have developed let us summarize and characterize the structure and the 
properties of whisker skeletons. 

In contrast to sintered powder metal with its relatively small pore 
volume the sintering of small rods, i.e. whiskers, produces a highly-porous 
structure which, vrithout any difficulty, can comprise 955» more of the whisker 
network. Such a highly porous volume in a metallic network can be utilized to 
advantage only because the building blocks of the netvrork, namely the whiskers, 
consist of a far-above-average strong material, networks consisting of fine, 
cut metal wires are theoretically feasible, but because of the high cost of 
wires in the micron size range are not practical. The polycrystalline metal 
whiskers, on the other hand, are considerably cheaper. 

It is especially useful if a whisker netvfork has a very high internal surface 


J 9 


so that the flow of a gas or a lxq,uid can readily take place without appreciable 
flow resistance. 

The following figure 4 shows the relation between total vfhisker surface 
of a network and whisker diameter. 

/30 



Figure 4 

Using whiskers with diameters of a few microns or less we obtain available 
surfaces of many square meters for 1 oc of iron, or 7.85 g of iron resp, v^hich 
can be imbedded into a whisker network. Obviously, in comparison, powder metal 
of such fineness theoretically produces a still greater surface, but this cannot 
be practically utilized either with a loose or with a sintered metal powder to 
the same degree as with a wide-mesh network of filaments. The achievement of 
a large inner surface of a whisker network is also aided by the fact that 
the polyorystalline metal whiskers are generally not smooth, but have a very 
grainy, rough surface and that this surface roughness can be Increased considerably 
during the whisker production process or later. 
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Additionally the very good electric conductivity of a whisker skeleton / 3 I 
must be emphasized which makes it possible to conduct relatively high currents. 

Such whisker networks should be especially ideal for electrodes for batteries 
and fuel cells. The battery^ especially the nickel-iron or nickel-cadmium battery 
req.uires a self-supporting strong and highly porous metallic skeleton in which 
the active material is put. in such that it is in good contact with the electrolyte 
as well as vrith the conducting supporting structure of the electrode. The 
great innate strength of the polycrystalline metal whiskers, the fins branching 
of its network into the poorly conducting active material and the cementing 
of the network through mechanically strong and well-oonduoting metal deposits 
promise the formation of an effective electrode with a saving of weight and 
volvime. 

Thus lie examined the possibility of producing polycrystalline metal 
whiskers with regard to industrial production. 

Porous mattes of whiskers can be prepared in the usual way by filtration 
of suspended metal whiskers. A more effective method is the precipitation 
from a suspension in a centrifuge since, in this way, a dense and uniform 
packing of the whiskers can be achieved. Also the deposition of the whiskers 
on the centrifuge walls can be oriented in a preferred direction by means of 
magnetic fields, such as parallel or normal to the centrifuge axis. 

The metallic cementing of the polycrystalline metal whiskers can even be 
carried out inside the centrifuge as well as the introduction of the active 
material into the skeleton. 

In a similar way the electrode skeleton for a fuel cell can be prepared. /32 
The electrode for a fuel cell generally requires pores of a definite size vrhich 
are to be found in a possibly strong, but well-conducting metallic supporting 
structure. Here the uniformity of these pores is of considerable importance 5 
this can be achieved vrith fine whiskers in the micron range. For the surface 
treatment of the whisker by galvanic metal precipitation a centrifuge was also 
employed. Here the wall of the centrifuge served as the cathode against which 
the whiskers were hurled periodically from their dispersion in the electrolyte. 


Here newly deposited whiskers become the upper cathode layer, immediately 
available to the ions. By this method of precipitating metals on whiskers 
electroohomically it is possible to cover nickel or iron whiskors, for example, 
with porous nickel, with silver, or with other suitable metals. 

The thoug^it occurs to sensitize the whiskers v/aioh form tho mechanioaily 
strong network of the' cathode by precipitation of layers of high porosity 
and of knoTO oatalytii' effectiveness, such as a precipitation of nickel boride 
or a coat of Haney metal formed from whisker material. The carrying out of 
this treatment of polycrystalline metal whiskers so important for fuel cells 
had to be postponed because of tho urgency of other projects described later. 

Furthermore the investigation of the suitability of polycrystalline 
metal vfhiskers for exhaust gas catalysts was considered to bo as significant 
as the work with skeletons for battery and fuel cell electrodes. 

As is well known, the first 200 seconds after tho start of an automotive 
engine are the most critical for judging the pollutant content of the exhaust 
gases . 

Because of its thermal inertia, the catalytic afterburner requires a /33 
definite amount of time to reach its operating temperature. The support structure 
for the catalytic afterburner is generally a loose oeramio assembly with a 
highly porous, catalytic surface or, resp., a structure made up of parallel 
capillaries wita honeycomb-shaped cross section. One might at first not 
expect that a whisker network of polycrystalline metal whiskers as catalyst 
support would have sufficient volume to pass the considerable amount of exhaust 
gases generated by the operation of an automotive vehicle. However, the 
polycrystalline metal vj-hiskers make this possible if they are joined together 
in a preferential direction; this can be accomplished by joining them together 
in a magnetic field. Such vrhisker systems possess a surface structure which 
provides for better gas flow and a more rapid diffusion than ceramic honeycomb 
catalysts. The entire available surface of the whiskers can be coated with a 
thin layer of a oatalytically effective material. To date we have only deposited 
platinum. Iron whiskers as catalyst carriers can be converted into a thermally 
stable oxide which can withstand temperatures of 1000 C. Further efforts 


will be ooncernod with covering the oxidized whisker network with metallic or 
ceramic ooats. As far as can be determined today the catalytic afterburner 
made of whiskers has the following advantages: 

1) The catalytically active surface directly available for a rapid gas flow 
is greater than that of ceramic catalytic converters, 

2) Because of the small mass of the freely available whisker material the 
time required to increase the temperature to its fully effective catalytic 
temperature is shortened considerably, 

3) The whisker catalytic converter should be considerably cheaper than /34 
the conventional ceramic honeycomb converter. 

The present disadvantage of the whisker catalytic converter is found 
in its yet insufficient mechanical strength which is the result of the brittleness 
of the oxidized metallic whiskers as they are joined to each other. 

The whisker catalytic converter for automotive exhaust gases can only be 
further developed in cooperation with an automotive manufacturer since, in 
addition to measuring its primary catalytic efficiency one must determine its 
behavior under practical operating conditions. As an example this will include 
the ability to hold up under vibrations, the behavior during intermittent 
thermal loading caused by peak temperatures, its ability to respond to changing 
oonditicns and many others which can furnish valuable information to the engineer. 

In the meantime we were approached by industry to address a similar 
problem of environmental protection, namely the ultimate combustion of flue 
gases. Here the problem of testing the effectiveness of the whisker catalyst 
is less involved than in the case of the ceramic honeycomb catalyst which is 
also used for combustion of flue gases. Although the operating conditions 
of the catalyst for flue gas combustion are not necessarily the same as those of 
the automotive converter, the activity of the catalysts made up of whiskers 
is comparable. 


The burning up of flue gases requires a catalytic converter of Barge 


diameter and short height because flue gas flows of 500 - 1000 Ivin^ per hour must be 
processed in small devices with a pressure drop of no more than 30 mm of water. 

The operating tempei’atures of the catalyzer activated i-rith noble metals lie 
between 350 and 450°C. 

The models of flue gas catalytic converters which we fabricated in /35 

several versions proved to be as effective as honeyL/Oorab catalyzers of conventional 
construction. 

As an example, for a vrorking temperature of 450°C we measured 0.05^ CO 
in the exhaust gas. The catalytic material on the whisker skeleton which 
constituted the carrier structure, was a thin coat of platinum which was 
generated by thermal decomposition of a platin'um compound solution wetting 
the skeleton. 

Additionally we found that at 600 - 700°C a vrhisker network is effective 
even Without platinum deposits since an effective oombusticn roaotion is 
maintained within the pores of the whisker network. In this case tho network 
was heated externally by a flame. 

Heated by a gas flame tho whisker catalyzer was able to burn, with a 
blue flame, dense smoke generated by a low-temperature saw dust burner. As 
will be reported later, an economically burning, non-smoking blue heating flame 
can also be generated from light heating oil with the aid of a whisker heat 
exchanger; this flame can be used to heat tlie whisker skeleton designed for the 
combustion of fine gases. 

The advantage of developing a whisker catalyzer for combustion of flue 
gases is to be found in its much lower fabrication and exchange costs compared 
to the ceramic honeycomb catalyzers. 

There is no doubt that in the future a great portion of the flue gases 
gene.vated by industry must be cleaned up as well as possible before letting them 
escape into the atmosphere. Acoox’ding to our information there is a very 
considerable number of factories in Germany which are interested in flue gas 
cleanup. Alone 30,000 smoke houses are included in this niomber. 


Undoubtedly the neoeesary high investments for flue gas combustors /36 

can be reduced appreciably by less expensive catalyzers. In a certain sense 
this situation can be compared to that of the automotive exhaust gas catalytic 
convertor. 

In addition the salvage of platinxam as active catalytic material for low- 
temperature combustion from a poisoned catalyzer is a much simpler operation 
than from a ceramic carrier material. 


The most valuable contribution which we can make with the use of whisker 
skeletons concerns the whisker heat exchanger for the preparation of diesel 
oil, light heating oil and gasoline. 

Ue first studied in simple devices to what extent fuels can be heated 
and vaporized in whisker skeletons in a matter of a few seconds. Likewise we 
attempted basically, with preheated whisker skeletons, to vaporize heating oil 
or, resp., to change it into a very fins mist 5 vre then mixed this mist 
turbulently with compressed air and by combustion of the resulting good mixture 
we, for the first time, obtained a blue flame. ¥e carried over this test 
result to an oil burner and in a short time with suitable mixing of oil mist and 
air we were able to generate more or less good blue flames. 

Both results, that of creating a very fine gasoline mist and of producing 
blue flames seemed to be of remarkable interest with regard to the serious 
problems of fuel preparation for automotive engines and with regard to combustion 
of heating oil in conventional oil burners. Everybody knows to what extent 
people had to resort until now to utilize the various measures that were available 
to produce a better combustible mixture in both cases. All these measures, in 
the end, are not satisfactory to date, but they had to be investigated because 
they were promising and did not lend themselves to advance calculation. 

The more information we obtained from experts in sectors of the automobile /yj 
and oil burner industry concerning the conventionally used measures and processes 
for mixture preparation and combustion, the more complicated the interaction 
of many parameters seemed to be and the more understandable the present 
difficulties seemed to us. Above all, the most difficult feat in automotive 
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engines seemed to be the uniform introduction of the mixture of air and fuel 
droplets from the carburetor venturi into the cylinders; for the oil burners 
the intensive mixing of the atomized heating oil droplets with combustion air 
and the tiffivSly complete combustion of these droplets seemed to be most difficult, 

With regard to this problem the use of whisker heat exchangers for 
producing finely divided fuel particles was not only a nevr procedure, but 
also a preparation for the ultimate solution inasmuch as fuels could finally 
be broken by the whisker heat exchanger into such fine droplets - and in a 
technically simple manner - that condensation of such droplets on the wall was 
greatly or even completely eliminated. 

In the opinion of all leading oil burner manufaoturei's, boiler manufac- 
turers including some firms from the steel industry which are interested in 
heating their blast furnaces idth oil, the vrhisker heat exchanger promises, 
as one of few potential possibilities, to make possible, in the near future, 
the realization of the improvement in oil heaters reciuired by law. 

Although this working principle for the preparation of fuel mixtures 
using whisker heat exchangers seemed simple at first, our efforts to reach 
a technically sound solution from the recognizedly good working principle, 
finally were very time-consuming and costly. The following reasons were /38 

responsible for this: the heating of a flowing liquid in a skeleton made 

up of very fine filaments had only been investigated to a very liraited extent 
to date; problems of heat transfer, electrical contacts of such a skeleton, 
and the separation of products of reaction in the pores of the whisker 
skeleton; determining the proper electrical resistance, and finally q.uestions 
as to the economics of the procedure. A final important problem vras the 
accommodation of the operating conditions to the installations already in use 
for conventional oil burners and the monitoring of these functions. 
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Figure 5 ~ Directly and indirectly heated heat-exchanger (principle) 


The above figure 5 shows the principle of the whisker heat exchanger. /39 

With the aid of the figure we shall describe how the preparation of heating 
oil takes place in the simplest case: 

The whisker column is placed in a steel tube and insulated from it except 
at the bottom where it touches it and thus makes electrical contact on this 
end. The other end of the whisker column, still inside of the insulating 
hull, is contacted by a perforated metallic electrode. An electrical 
current, on one side connected to the perforated electrode and on the other 
end to the bottom pLate of the enclosing steel tube, heats the entire whisker 
column, through direct resistance heating along with its hundreds of thousands 
fine branches; this extremely-finely branched whisker network then gives up 
its heat directly and very fast to the penetrating oil. 

In this whisker column are found different aggregate-states since the 
liguid is changed continuously into mist and into vapor. Since heating oil 
is a liq.uid which is composed of hundreds of different carbohydrates, a 
multiplicity of boiling points arise. Thus the heating oil while flowing 
through the whisker heat exchanger does not- pass, in a given zone, spontaneously 


from a liquid to a gaseous state, but a great niunber of different boiling 
points are reached in the column. The initial boiling takes liace at about 
60^Q while the first appreciaole vapor formation occurs between 160-170°C. 
The follovdng figure presents the various boiling fractions of Diesel oil, 
somewhat comparable to light heating oil for which we have no values. 

/40 
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Figure 6 - Boiling curves of Diesel and turbine fuels 


Although near the end of the heated whisker column the greatest part of 
the heating oil is converted to vapor if sufficient heat has been added, one 
must make sure to vaporize even the highest -boiling last fractions of the oil 
since, above 350°C, cracking can take place. These last high-boiling fractions 
of the heating oil thus must be bloim out of the whisker skeleton in the form 
of very fine droplets with the aid of the already appreciable vapor pressure. 
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Before discussing the development of the heat exchanger itself, which / 4 I 
has led to several practical potential applications, we must emphasize that 
understandably the conventional oil burner was not prepared for an improved 
system of producing very fine mists of this type. Until now extremely fine 
mists could only be achieved through atomization under very high oil pressures 
which, for the atomizing orifices then in use remained constant for a given 
flow rate. These pressures, as an order of magnitude, lie between 11 - I 6 bar. 

On the other hand, to operate the whisker heat exchangers, relatively low 
oil pressures were needed, i.e. initial pressures of only O.5 bar or lower. 

This initial pressure, however, increases at the present state of the art 
continuously after several hundred hours', after 1000 hours of operation the 
values reach about 8-9 bar. This pressure increase results from the contamin- 
ax,I on, as yet unavoidable, of the whiskers by products separated from the oil 
whereby the pores between the whiskers are gradually decreased although this 
occurs only in a preferred zone near the hot end. 

This would be no problem if a hard pump could be used to push the oil / 4 I 

throu^ the whisker heat exchanger, such as possibly a piston pump which, 
regardless of pressure drops, could maintain the preset q.uantity of oil. 

Although this presents no problem for the pump manufacturer, the mass production 
of gear pumps has reduced their cost so much that, at present, a cheap 
substitute for the gear pxunp cannot be realised. 

Although the choice of the pump originally was not our problem, it soon 
became ours because we received no help in this matter and could not afford 
to let the development of the heat exchanger fail because of pump problems. 

This led to a compromise whereby a conventional oil pump delivers the proper 
amount of oil, as before, through a conventional atomizing nozzle which, 
however, was installed simply, as a flow-control capillary, in the tubing 
between the oil pump and the heat exchanger. This is undoubtedly a temporary 
solution, not a permanent requirement. 

The example of the oil pump shows that we were not able to develop /42 
the whisker heat exchanger to its completion with a free choice, but that 
we necessarily had to be content with what was available in conventional oil 
burners, namely the piomp, the low-pressure lift, the disturbing high-volxime 
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ignition electrodes and the flame-out detectors which required a yellow flame. 
Today we know that it is not complicated to construct an ideal oil burner of 
a new design which, in all its auxiliary functions, is designed for use in 
whisker heat exchangers. But in order to demonstrate and implement the new 
principle of oil burners, and also because of the possible need to convert 
conventional oil burners inexpensively to our economical system, it was 
advisable to make this temporary compromise. This became a necessity when vre 
discovered that the entire oil burner industry which we consulted did not 
consider themselves to be in a position to take over the development of an 
oil burner following our new design by themselves since this branch of the 
industry is primarily concerned with installation rather than development 
efforts . 

However, we believe that we can demonstrate in this report that, in 
the end, it was worthwhile to take on all necessary development efforts for 
the oil burner since we now have complete operational test samples of blue- 
flame burners which show the superiority of our system over all other no less 
expensive test systems vrhich now can be copied by the industry and be sensibly 
improvedj this may already be under way. 


He^e£r£h_and_development__of^ heat_exohangjer /43 

It was evident from the beginning that, from a physical standpoint, the 
direct resistance heating of the whisker column was the most rational approach. 
This assumes, however, that it is possible to produce a skeleton of whiskers 
vrith homogeneous porosity and conductivity, that it is possible to make good 
electrical contact with the whisker skeleton and that certain material problems 
could be solved. 

The whisker skeleton was shaken into a tube made of E-glass, quartz, or 
ceramics and, if necessary, was sintered. The contact was improved appreciably 
by subsequent metal deposition, from the gas phase, on the hot end, i.e, , 
where the fuel vapor exits j in this way the whiskers were practically cemented 
to the contacting wall. This good contact did not fail even for very high 
currents . 


On the cold side of the whisker column we first used an adjustable contact 
in the shape of a drilled-through steel bolt} however, later on we found a 
more satisfactory contact which consisted of a perforated nickel-coated brass 
block vrhich contacted the whisker under spring tension. In order not to endanger 
this contact spring by high currents, it was bridged by a copper cable. 

Since in such a whisker column faulty contacts cannot always be avoided 
which then, because of current constrictions, lead to overheating, the contacts 
between the whiskers themselves were improved by subsequent metal coating. 

The quality of the whisker skeleton as a conductor of heat depends, among 
others, on the proper sizing of the whiskers and, of course, also considerably 
on the manner in which the whisker coliimn itself is produced. 

We found that it is much simpler to produce a good whisker column /44 

for a whisker heat exchanger by producing shorter pieces and them joining them 
together. It is anyway necessary to keep them under a definite spring tension 
in order to assure good contact at the cold end. 

Since we were alvrays looking tovrard later industrial production, we also 
produced heat exchangers whose whiskers were not sintered, but touched each 
other under pressure. In general the electrical contact was quite good, 
but later the contacts were contaminated by deposits from the oil. In these 
cases local overheating occurred. For this reason the direct heating of the 
whisker column was modified by installing very thin V2A tubes into the whisker 
column so that the heating current passed simultaneously through the steel 
tubes and the whisker coltimns. These whisker heat exchangers, heated by 
resistance heating, underwent constant improvement efforts in order to assure 
reliable operation. This type also retains its vrorth for the preparation of 
oil in greater quantities. 

For the useful application of whiskers in heat exchangers for the 
combustion of heating oil in smaller quantities, such as residential heating, 
a serious obstacle to its practical utilization appeared. The whisker column, 
because of its great conductivity, naturally has such a low internal resistance 
that a high-current transformer is needed for its operation. This costs many 
times what a heat exchanger costs and thus, from an economics standpoint, 
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must be considered a serious handicap to a practical application. 

For this reason we first attempted to increase the resistance of the 
whiskers which, however, seemed possible only by coating them since we found 
no way to alloy them in order to produce an extremely high specific resistance. 

In this connection we had previously observed that the oxide coating of oxidized 
iron whiskers is unusually dense and strong. This must be caused by the very /45 
fine grain size of the whisker material. Therefore we worked out methods to 
achieve a controlled oxidation of the whiskers. Sometimes we completely oxidized 
the whiskers and then, by controlled reduction, achieved the desired low conduct- 
ivity. Both were effective in principle, but the semi-conductor (poorly conducting) 
properties which occurred were so disturbing that, at first, we could not see 
when our goal of a greater, reproducible resistance could be realized. Thus 
we attempted a compromise in order to achieve a definite resistance for the heat 
exchanger column. The compromise consisted of building up the heat exchanger 
colximn alternately with 2-3 mm thick plates of whiskers and with tablets of 
porous bodies rath a high specific resistance. In this case the actual heating 
was effected by the tablets of high resistance which were contacted to each other 
electrically by the higher-conductance whisker tablets. The whisker tablets, 
positioned the heating tablets of high specific resistance, were heated indirectly 
by conduction and then, across their large surface, transferred the heat to 
the oil flowing through them. This system worked very well with graphite 
tablets as far as heating effectiveness and resistance control were concerned, 
but we vrere unable to find a suitable material for the heating plates having 
very high resistance of the order to x * 10 ohms. For that reason we developed 
our oim material which could be produced with cardboard-like strength and from 
which the tablets with the necessary specific resistance could be stamped out. 

This material was also heat-resistant and consisted of a graphite network which 
was supported mechanically by a matrix. 

However, during constant operation of the heat exchanger built up from /46 
tablets occasional local overheating occurred, apparently caused by overloading 
of the contact surfaces betvreen resistance and whisker tablets . Since this 
overloading occurred only after long-time continuous operation rath heating oil, 
we concluded that it was caused by a gradual contamination. However, occasional 
disturbances of this type cannot be tolerated in the operation of an oil burner 
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heat exchanger. Therefore we improved the whisker contacts by various techniques 
and whenever new models of heat exchangers were tested in oil burners we checked 
the effectiveness of these expedients. The following techniques were investigated 
in order to achieve uniform aging of the contacts betvreen the fine whiskers and 
the lov7-conductance bodies: 

1) Before being processed into tablets the whiskers were cleaned ultras onically 
and id.th water solutions, and were then nickel-plated from the gas phase. 

2) The whisker tablets were produced by quick-sintering, then were metal- 
plated on the front face with nickel from the gas phase, by galvanic 
deposition or by current-free precipitation. 

3) The higih-resistance tablets were nickel-plated from the gas phase on their 
front faces. 

4) The front faces of the whisker tablets were covered with a disc of metallized 
glass-fiber gauze or with a metallized carbon gauze to serve as contact 
promoters . 

5) The whisker and high-resistance tablets were cemented together vrith a 
heat-resistant conducting lacquer. 


6) Perforated nickel foils of about 15 micron thickness were inserted 
between the whisker and the high-resistance tablets. 


Of course, in all these various contact techniques care was taken that 
the perforated resistance tablets and the contact improvers did not impede the 
passage of the oil. 
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With this system it was actually possible to produce heat exchanger 
columns with suitable resistances so that an intermediate transformer was not 
needed and the heat exchanger could be heated directly by a "Triao" (Variac?). 
Thus we achieved our goal to add the heat exchanger to all the other devices 
necessary for successful operation of the oil burner. 


The following figures 7 8 again show an older-model whisker heat 

exchanger vrith direct resistance heating of the vrhisker column, identified by 


the large-size connectors for high current flows and then, in contrast, the 
relatively slender whisker heat exchanger with a column made up of tablets. 



Figure 7 
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Figure 8 


All these versions, of course, still are in need of an insulating 
shell which is required to avoid mmeoessary energy losses since the oil burner 
heat exchanger is surrounded by cold combustion air. 

In addition, a special type of heat exchanger made up of whisker 
tablets and heating tablets was produced in order to slovr dovm the gradual 
closing of the whisker pores by deposits from the oil. In this construction 
the oil does not penetrate the entire tablet stack but leaves the whisker 
column by the shortest path by means of drilled-through passages in the tablet 
stack normal to the individual tablets. This heat exchanger which we first 
called cross-flow nozzle not only has very low resistance to flovr, but also 
avoids the need for the oil to flow through the heating tablets. Above 
all it has the advantage that the oil can flow radially through the whisker 
tablets throu^ an ever increasing pore volume. The principle of such a 
cross-flow nozzle is shoi-ai as the last example in the listing of various 
heat exchanger types shown in the following figure 






■■n^fi mt ■' I 



36 


The following two figares 10 and 11 show examples of whisker and heat- /50 
conducting tablets that were used. 



Figures 10 and 11 


All these developments of heat exchangers, constructed and tested in an 
effort to achieve a reliable system for un-monitored oil burner operation, 
performed satisfactorily in the laboratory under oonstant control. However, 
since, warned by oil burner manufacturers, we provided for z'ou^ testing by 
outside sources outside of our laboratory, defects showed Up where, during 
control of the heat output of whisker heat exchangers oocasional overloads and 
damages of the contacts occurred. Thus, to a certain the whiaker 

contacts could not cope with a specific current strength. Until reliable 
automatic controls could be developed, overloads occurring in outside tests 
using manual control could not be avoided and could also not be controlled /5! 
by us belatedly. Thus, to play safe, we developed an additional type of whisker 
heat exchanger, namely one with indirect heating of the whiskers. 


The principle of the indirectly heated vrhisker heat exchanger is shot-m 
in the following figure 12 in two versions. The first version shoyrs a sectional 
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view of the flame tube of a heating-oil burner, l^his type of vrhisker heat 
exchanger ooneiats essentially of a circular whisker column (4) which is 
located, in close contact, between tvro tubes (5) and (6). The circular 
whisker column is heated by a heating coil (8) and is supplied with oil 
through the tube connection ( 12 ). The oil vapor or oil fog, rosp., escapes 
at (13) as soon as it opens on reaching the heat exchanger temperature of 
280 - 300° C. Good mixing of the developing oil vapor or oil mist vrith the 
forced air takes place in the relatively short mixing volume between the 
valve (18) and the flame holder in the direction shown (25/). 

The second sketch shows a similar version of whisker heat exchanger 
in a flattened form. This version is still being tested, especially since 
it promises lower production costs. The folloi’ring figure 13 shows the 
position of the whisker heat exchanger in the air supply pipe of a conventional 
oil burner at a scale of Isl. The folloi-ring tvro figures I4 and I5 show 
various types of indirectly-heated vrhisker heat exchangers vrhere the first 
is a test model ifithout control valve, and the follovring are the latest 
heat exchanger types with insulating shell and electromechanical control 
valves as well as a continuous temperature monitoring by means of an 
HTC resistance. 
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The now following figure 16 represents a conventional oil burner which 
is especially readily accessible by means of a cover over the flame tube. The 
whisker heat exchanger (tablet type) installed here can be readily seen. In 
this heat exchanger the amount of heating was controlled by a "Triac" ) however j 
no controllable shut-off valve for the hot mist was used since the tests 
were of long duration with a continuously burning flame. Ignition was effected 
with only 5000 volts at the end of the flame tube, facing counterstroam. 
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Figure 16 
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A hydraulic shut-off valve, controlled by heating oil pressure, was 
used in the heat exchanger (tablet type) shoim in fig-;ure 17. 
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Figure 17 


The next figure l8 shows an operational oil burner with a construction 
featuring tangential air supply where the whisker heat exchanger system can 
be easily inserted into the flame tube from the rear. A manometer in the oil 
supply tube monitors the pressure increase resulting from closing of the 
whisker pores. This whisker heat exchanger burner was also used for long- 
duration tests in connection with a conventional boiler and a complete 
radiator installation for the purpose of operating it under practical conditions. 
This complete heating installation was supplied to the oil burner industry 
for information purposes and to enable them to make their own measurements. 
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Figure 18 
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An additional modern construction of a conventional oil burner with 
whisker head exchanger is shown in the next figure 19 • Here the view is directly 
into the flame which is short and completely blue. However, it generates a 
long stream of hot combustion gases which serve to transfer oonvected heat 
to the boiler. 
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Figure 19 







To demonstrate the operation of this oil burner with whisker heat /59 

exchanger the flame tube was removed, figure 20, so that one can clearly see 
the extremely fine and dense fog generated by the whisker heat exchanger. 

The fog exits with a temperature of about 300°C. It is clear that, as already 
shoTim in practice, one can convert a fog of such fine droplets, through suitable 
intensive mixing with air, into an ideal mixture which then, similar to that 
of a gas flame, burns vrith a blue flame and which, as desired, can be burned 
stoichiometrically or at other suitable fuel-air ratios. The flame is not 
particularly sensitive with regard to mixture control. Moreover, the flame 
is extraordinarily stable, aided by the fact that the combustion air is compressed, 
so that it is very difficult to blow it out. 
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Figure 20 
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This oil burner was intended to demonstrate that a conventional oil /60 
burner with a normal flame tube can readily be converted to a functional 
and economical oil burner with low pollutant emission and with a constant blue 
flame. To date we have installed a sheet metal grate at the end of the flame 
tube which serves to give an especially good uniform flame. 

This oil burner contains a whisker heat exchanger of the newest construction. 
This whisker heat exchanger is insulated very well thermally, is heated indirectly 
and is controlled electronically. Temperature monitoring at present is generally 
done with a KTC resistance; later on, hovrever, it will be replaced by a simpler 
system of temperature control. 

In addition the operation of the valve by means of an electromagnet is 
to be simplified in time, as well as the effective part of the whisker heat 
exchanger, i.e. the whisker column which will be made exchangeable as an 
inexpensive cartridge. 

¥ith regard to the safe operation of the whisker heat exchanger, it has 
been developed, with continuous improvements, to such a degree that we could 
ourselves start a limited-production fabrication. Up till now we have produced 
100 heat exchangers of various types and made them operational. Here it was 
found that the performance values of the indirectly heated heat exchangers 
could be reproduced especially well after we had develoijed methods for classifying 
whisker sizes and for producing the whisker coliimns. 

The finely divided oil mist which, in test and development efforts remains 
in the chamber for a long time unless it is ignited immediately, also produced 
some problems. It never ignited as a cloud, but it remained dangerous. It 
vras not always possible to burn off the oil mist because it was first necessary /6l 
to study the shut-off valve of the heat exchanger, the production of the mist and 
the mixing with air. For this reason we pursued the opposite path, namely to 
again collect the mist by means of whisker skeleton and to condense it which 
normally is hardly possible with condensation devices. The following figure 21 
shows a fog condensation device which is connected to a heat exchange-. 
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Figure 21 

This condensation device consists essentially of a cooled, large, hollov /62 
whisker column with circular cross section through which the fog flows radially 
from inside to outside, accompanied by suction air. Such a device makes it 
possible to test right in the work chamber, >ri.thout danger of explosion and 
without polluting the air, the functional operation of the whisker heat exchanger 
without having to immediately burn the oil vapor or oil fog. Such a device is 
even more necessary for the no-less dangerous tests with gasoline rather than 
heating oil in which cases we have furnished absorption devices in larger sizes 
to the interested automobile industry. 

The life Of a whisker heat exchanger for preparing heating oil mixtures 
is very important in practical applications. As is well kno>m, the light heating 
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oil oonsista of various hydrocarbons, but also contains noticeably largo amounts 
of water, air, organic sulfur compounds and sulfur acids and among the hydrocarbons 
many unsaturated compounds which are very reactive. Sulfur compounds and water 
probably will not attack the vrhisker skeleton greatly and one can protect himself 
against this. In any case, we have not yet observed a damaging reaction. It 
is a different case, however, with reactions between dissolved air and certain 
reactive hydrocarbons. At higher temperatures reactions take place in the whisker 
skeletons which lead to separation of fine aggregates which gradually can be 
deposited in the whisker cartridge. We have studied these reactions extensively 
and have determined that these separations occur especially often if the heating 
oil temperature is high enough that the higher-boiling fractions are vaporized 
and exposed to the air. 

There are additives to the heating oil, however, which prevent the 
agglomeration of the particles separated from the oil to larger aggregates and 
which can delay the formation of such particles for longer times. Such 
additives are often used in automotive piston engines and were used by us. /63 

Shov/n in the next two figures 22 and 23 are aggregations of the above 
discussed separation which were caused by vaporizing oil in the jjresence of air. 
Figure 23 shows a very small number of separation particles which were obtained 
under the same test conditions and which generally remained as individual 
particles and for hours did not ball together. 

The life of the whisker skeletons as far as blockages by undesired 
separation particles are concerned, can thus be increased by additives to the oil 
which prevent the balling together of very fine separation particles and which pass 
these particles into the flame. Such additives are not the usual additives 
which are used for corrosion prevention or for reducing viscosity, but they 
are dispersion promoters. 
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Figures 22 and 23 


Summarizing results of the development /6^ 

The development of special materials made from polycrystalline metal 
whiskers in the shape of pressure-resistant and highly porous fine networks 
has led to the creation of a new excellently efficient whisker heat exchanger. 
This whisker heat exchanger finds one of its most realistic and important areas 
of application in the preparation of heating oil for the purpose of technical 
control over a practical, complete combustion process. 


This ideal combustion of heating oil made possible by the very fine misting 
of heating oil through the use of the whisker heat exchanger can, in an unusually 
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effective and already industrially applicable manner, solve, in the future, one 
of the most predominant problems of energy conservation in the Federal iiepublic 
vrhereby, at the same time, the demands of environmental protection are pleasantly 
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The clean blue flames resulting from combustion of oil utilizing the whisker 
heat exchanger are in contrast to all efforts made to date in this area which 
were concerned, above all, vi’ith methods of careful air introduction into the 
atomizing burner flame. 

The use of whisker heat exchangers resulted in remarkable stability without 
the expenditure of excessive care measures and depends, to a much lesser degree 
than usual, on a careful tuning of the atomizer and air introduction system to 
the dimensions of the boiler. 

The reproducibly good exhaust-gas concentrations are about 8-20 ppm CO, 
15-15.5^ COg and a smoke number of zero. These values were determined by experts 
from the oil burner industryj similarly the overall efficiency of the entire 
heating cycle was calculated to be 

The real overall efficiencies of conventional oil burner systems such as 
are in operation in Germany today, are often soberly quoted by experts to be /65 
in the range of 40 - ICffo, This does not contradict the fact that, with well- 
adjusted burners, efficiencies of 80 to 855^ oan be obtained. 

However, since from our experience and in the judgment of oil burner 
manufacturers there is no reason to doubt the reliable maintaining of blue flames 
from whisker heat exchangers, one can also expect to maintain a high efficiency 
over long periods of time. 

It has generally been estimated that an oil burner with a whisker heat 
exchanger saves, on the average, at least 15^ of oil compared to a conventional 
burner. Since, at this time, there is no alternative in the Federal Kepublic 
for the problem of lovr-pollution combustion of heating oil which has been developed 
to the same degree as the whisker heat exchanger, it is appropriate to consider 
hov7 much heating oil the whisker heat exchanger, in addition to improved 
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environmental protection, can save based on the convorsion or outright substitution 
of about 5 ” 6 million operative burners of lower performance, iie could here 
count on a very respectable saving of 5 ” ^ million tons of heating oil per 
year. This does not take into account the savings that could be realized from 
industrial burners. 


The oil burner industry, however, feels that it would be cheaper to install 
nevr oil burners with whisker hoat exchangers than to retrofit the old systems 
vrith whisker heat exchangers. 

According to our information it is not presumptious to assume that the oil 
burner with whisker heat exchangers could set the example for similar problems 
of low-pollution and oil-saving combustion in Uurope and Japan. Furthermore, we 
know from personal experience of the conditions in the United states that the /66 
development, which has been neglected for many years, must now be quickly rosumed 
and accelerated and that there also is practically no alternative for 
the whisker heat exchanger in oil burners. 

The use of heat exchangers in the oil burner industry is being directed 
and will undoubtedly soon extend, perforce, to the ever-increasing area of small 
burners of 11 kvr/h and below, which, as is vrell knmm, can no longer be 
equipped with conventional atomizing burners. The urgency of this problem is 
still greater on an international scale 5 here, understandably, the superiority of 
oil preparation by means of vrhisker heat exchangers over that produced by atomiza- 
tion is readily demonstrated. 

Here we can state with satisfaction that, within the framevrork of this 
report, it was only with the support of the Federal liepublic that it was possible 
for us to solve so many difficult problems in such a short time which had arisen 
in the development of the v/hisker heat exchanger to its present status. 

It goes without saying that we are on the way to still further simplification 
and cost reduction of the whisker heat exchanger or related systems; obviously 
industry is also making efforts to achieve very fine atomizations in other ways. 

The only thing that is important is the fact that finally a real potential with 
a high degree of technical maturity exists. 
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Figure 24 - Blue flame from heating oil achieved with whisker heat exchanger 

As mentioned px*eviously, an effective carburetion of gasoline for /68 
automotive engines has always been a problem and, in the last few years, has 
become one of the most important development goals. From the beginning experts 
recognized the special effectiveness of whisker heat exchangers from polyorystalline 
whiskers, for there was no doubt as to how one had to proceed basically in 
theory to produce evaporators having large surfaces. It was therefore enlightening 
that whisker skeletons as contrasted to the state of the art, could go further 
than, for instance, porous products from sintered powder metal. 

However, unlike the oil burner industry where everybody knew that a 
reproducible finer a-comization of the oil droplets and the formation of a good 
mixture distribution would have to lead to improved combustion, there ifas no 
consensus of opinions in the evaluation of the degree of gasoline carbureticn 
that was necessary. 

The idea of fuel evaporation vrhose practical realization has often been 
attempted, comes to mind first vrhen considering an idealized mixture preparation. 
Although the concept of fuel mist would be better suited to present-day engine 
construction, the term "mist" is a wide-ranging term and it is well kriovm that 
mist-like atomized fuel can again be condensed in its way to the cylinder. 
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Thus many automotive manufacturers whom we supplied with whisker heat 
exchangers with controls, first experimented with vapors and, unfortunately, 
without much thought installed the whisker heat exchangers in commercial spray 
devices to which our heat exchangers could not be adapted without modification. 

An additional problem is the fact that the gasoline vapor can still condense in 
the suction tube on its way to the cylinder so that the gasoline vapor, prepared 
quickly and simply by the whisker heat exchanger could, in no way, guarantee /69 
any appreciable progress in mixture preparation. 


One of the most important German automobile however, took pains to 

study, from the ground up, the operation of the whiskv^r heat exchanger and to 
make use of its specific advantages. The whisker heat exchanger was actually 
used as we had intended, namely as a source of extremely fine mist formation. 

The drop sizes of the fog were rather uniform with a diameter of 2 - 4 microns. 
This drop size explains the extraordinarily great constancy of the gasoline mist 
which, as we had already determined in our own tests, hardly condensed on surfaces 
and also no more on the walls of the long tubes. The following figure 25 shows 
this very constant gasoline mist from a whisker beat exchanger nozzle. The heat 
exchanger was equipped with a valve which opened at 35 bar. In this case the 
gasoline was sprayed into the heat exchanger vrith a spray pump. 


Figure 25 
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The continued investigation of the gasoline mist was conducted in a test 
pipe which had many bends in order to study the behavior of the mist under diffi' 
cult circumstances which never occur in the automotive engine. 


Under such conditions the drops from a carburetor condense completely 
vrhile the very fine mist droplets exited unharmed from the test pipe with a 
rate of 35^. 


The following figure 26 shows a diagram of this experiment which already 
gave hints as to what could be determined in subseq.uent tests. 
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Figure 26 - Simulation of condensation of atomized or resp. fogged fuel in 
the suction tube under extremely difficult test conditions 
Test conditions 


Carburetor: entire fuel is condensed 

Whisker heat exchanger: 86^ of fuel remains suspended in fuel- 


air mixture 


Such a fine mist as can be produced by a vhisker heat exchanger, /ll 

practically no longer condenses in the suction pipe thus finally offering 
a solution for one of the great problems, namely a uniform mixture supply to 
the various cylinders. 


Another surprising experience was the fact that we vrere still able to 
ignite the mixture with a conventional spark plug at equivalence ratios of 
1.6 to 1,7 instead of the expected value of 1.3. 

It is not surprising that a measured saving of gasoline of 10 - 12^ can be 
realized because of improved combustion and that in the future, as predicted 
by American experts, gasoline savings of 30 - 40^ are in the realm of possibilities 
even for stratified charge engines using whisker heat exchangers. 

There is no doubt that other automotive firms which have not yet been 
able to carry out these thorough preliminary investigations, will continue 
to study the use of whisker heat exchangers and that they will reach similar 
encouraging results. This gives us the opport\mity to better adapt the continued 
development of the whisker heat exchanger for gasoline to the various engine 
problems of the future. Figure 2^ shovra the shape of the first successful model 
of a whisker heat exchanger for gasoline which was capable of producing fine 
gasoline mists at the rate of 28 kg/h. 





Figure 27 
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After these encouraging results with gasoline preparation we asked /72 

ourselves the question whether, in the future, we could develop modified ways 
for producing fine mists which could give a further reduction of the heat energy 
required for producing fine gasoline mists from the main fuel supply and which 
can cope with the problem of quick control. At the same time one had to keep 
in mind that the improvement of the mixture from conventional carburetors vdth 
the aid of whisker skeletons could be of great practical and economic interest. 

During the study of the mechanical atomization and evaporation by whisker 
skeletons the following new points of view arose; 

1) A whisker skeleton of fine pores vrith its high throughput of gaseous and 
liquid materials can produce gasoline mixtures of vei'y fine droplets. 

2) A vrhisker skeleton continuously covered with coarse gasoline droplets 
from the carburetor exposes such a large gasoline-covered surface to the 
combustion air flowing through that an appreciable part of the gasoline is 
carried off as an air-vapor mixture. 

Both events, the breaking up into droplets and the evaporation by the 
whisker skeleton can be combined in that a large part of the gasoline entering 
the whisker skeleton is vaporized and the remaining iinvaporized portion is broken 
up into extremely fine liquid droplets by a suitably shaped exit layer of vrhiskers 
in the skeleton. 

Tests of this type although not yet concluded demonstrate the remarkable 
advantages of this most simple, but effective method of fuel preparation. In 
this case the metallic structure of the whisker skeleton helps considerably to 
satisfy the requirements for heat addition since the heat of vaporization can 
be quickly transferred to the whiskers from the surroundings, or if need be, 
from an auxiliary heating source. 

There is no more doubt today that the whisker heat exchanger can become a /73 
valuable addition to the possibilities for ideal fuel preparation. 

Therefore we consider it worthwhile to take the second step in the development, 
along with the great experts of the automotive industry, to develop controllable 
whisker heat exchangers. At the same time we shall not ignore improvements in 
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the functions of the carburetor since they not only offer a possibility to make 
the conventional carburetor constructively more effective) but also the possibility 
to improve considerably the effectiveness of carburetors of old design in order 
to, at least, provide for some savings in gasoline and in order to achieve 
cleaner exhaust gases. Such a develox^ment effort uill also bo conducted by 
us under the leadership of the present experts. 
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